Abstract. The aim of the present study was to determine the optimal dose and optimal target volume for marginal zone lymphoma of the ocular adnexa. Between January, 2008 and December, 2013, 40 patients with histologically proven primary marginal zone lymphoma of the ocular adnexa who underwent radiotherapy at the Tokyo Medical University were evaluated. The prescribed dose was 30 Gy in 15 fractions to the iso-center. Doses to the gross tumor volume (GTV), conjunctiva, bulbus oculi, retina and retrobulbar space were investigated, and the association between dose-volume factors and clinical outcome was analyzed. The overall and local progression-free survival rates at 3 and 5 years were 100% during a median observation period of 32 months. Two patients relapsed in the contralateral ocular adnexa. The progression-free survival rates at 3 and 5 years were 100 and 93.3%, respectively. The mean dose was 2.0 and 1.9 Gy for targets receiving 95% of the GTV dose (D95). The minimum dose was 0.9-2.0 Gy (median, 1.8 Gy). Thus, primary marginal zone lymphoma of the ocular adnexa favorably responded to lower doses of radiation, compared with prescribed doses to the iso-center. A radiation dose of 27 Gy in 15 fractions at D95 of GTV appeared to be optimal.
Introduction
Mucosa-associated lymphoid tissue lymphoma (MALT) was first described by Isaacson et al (1) as a subtype of non-Hodgkin lymphoma and was subsequently classified as marginal zone lymphoma of MALT by the Word Health Organization (2) based on the Revised European-American Classification of lymphoid neoplasms (3) . A large national database study reported that marginal zone lymphoma accounted for ~10% of non-Hodgkin lymphomas (4, 5) and had a better prognosis compared with diffuse large B-cell lymphoma (4) , which has the characteristics of an indolent lymphoma. Extranodal marginal zone lymphoma, which accounted for the majority of marginal zone lymphomas, mainly included the stomach and ocular adnexa. The etiology of marginal zone lymphoma was chronic inflammation, which occurred due to Chlamydia psittaci infection (6) .
Non-Hodgkin lymphoma involved the ocular adnexa in 45-75% of cases of extranodal marginal zone lymphoma, 15-30% of cases of follicular lymphoma and 10% of cases of diffuse large B-cell lymphoma (7) (8) (9) (10) (11) . In ocular adnexal marginal zone lymphoma, the primary sites were the conjunctiva (30-80%), the retrobulbar soft tissue (10-50%) and the lacrimal gland (10-55%) (12) (13) (14) (15) (16) . Radiotherapy is currently the standard treatment for marginal zone lymphoma of the ocular adnexa. A number of studies have reported that a radiotherapy dose of Gy to the entire orbit for primary marginal zone lymphoma of the ocular adnexa was highly effective in terms of local control and survival (12) (13) (14) (15) . A paucity of reports and the various types of ocular adnexa have made it difficult to undertake an optimal dose volume analysis. Accordingly, a dose volume analysis was conducted herein, based on the ocular adnexa region, to determine the optimal dose-volume association for marginal zone lymphoma of MALT.
Patients and methods
Patients. This retrospective study was approved by the Ethics Committee of the Tokyo Medical University Hospital (no. 3199). Between January, 2008 and December, 2013, 46 patients underwent radiotherapy for primary non-Hodgkin lymphoma of the ocular adnexa at the Tokyo Medical University Hospital (Tokyo, Japan). A total of 40 patients had marginal zone lymphoma of MALT, 4 had diffuse large B-cell lymphoma, whereas follicular lymphoma and T-cell lymphoma were present in 1 patient each. A total of 40 patients with histologically proven primary marginal zone lymphoma of the ocular adnexa were evaluated. Ophthalmic examination, whole blood count, biochemical examination and body computed tomography (CT) scans were performed prior to radiotherapy initiation. A total of 38 (95%) patients were proven to have immunoglobulin heavy chain rearrangement, (17) . All the patients received a radiation dose of 30 Gy in 15 fractions to the iso-center following immobilization with a custom-made thermoplastic mask. A total of 30 and 10 patients underwent photon and electron therapy, respectively. The 10 (53%) patients with tumors located in the conjunctiva were irradiated by electrons. The radiotherapy method was individualized based on the involvement site of the ocular adnexa. The clinical target volume (CTV) was determined as the entire orbit, apart from tumors located in the conjunctiva alone. Among the 30 patients irradiated by photons, 19 and 11 patients exhibited primary involvement of the retrobulbar space and conjunctiva, respectively. The number of ports ranged from one to five, which was primarily determined by doctor preference. No patients underwent chemotherapy or antibiotic therapy.
When reviewing the dosimetry, the association between dose volume and clinical outcome was analyzed in 30 patients based on the date treated by three-dimensional (3D) radiotherapy. Dosimetry was analyzed using a treatment planning system (Xio v. 4.6; Elekta AB, Stockholm, Sweden). The growth of the gross tumor volume (GTV) was measured based on the extent of involvement of lymphoma on the CT image, with reference to information from the ophthalmic examination and/or magnetic resonance imaging. Doses to the organs at risk, the conjunctiva, bulbus oculi, retina and retrobulbar space were also estimated. The retrobulbar space was divided into anterior and posterior spaces to evaluate differences in the irradiation doses. When lymphoma was detected bilaterally, both sides of the GTV and the organs at risk were delineated.
Statistical analysis. The overall survival time was calculated from the first day of radiotherapy to the date of death from any cause. The progression-free survival time was calculated from the first day of radiotherapy to the date of the first relapse or the date of death. The time to cataract surgery was calculated from the first day of radiotherapy to the date of the cataract surgery. Continuous variables were analyzed by the Wilcoxon rank-sum test. Paired variables were analyzed by the Wilcoxon signed rank-sum test. Survival time was calculated using the Kaplan-Meier method and the difference was compared using the log-rank test. Stata v.12 software (Stata Co., College Station, TX, USA) was used as the statistical software package. A P-value of <0.05 was considered to indicate statistically significant differences. The adverse events were assessed by the Common Terminology Criteria for Adverse Events, version 4.0 (https://www.eortc.be/services/doc/ctc/CTCAE_4.03_2010-06-14_ QuickReference_5x7.pdf).
Results

Patient survival.
No patients experienced local relapse and there were no reported deaths. Thus, the overall survival and local progression-free survival rates at 3 and 5 years were both 100% during a median observation period of 32 months (Fig. 1A) . Two patients developed recurrence at the contralateral ocular adnexa at 40 and 89 months after radiotherapy. Accordingly, the disease progression-free survival rates at 3 and 5 years were 100 and 93.3% (95% confidence interval: 61.3-99%), respectively. All the patients experienced faint erythema or dry desquamation, which did not progress. Of the 40 patients, 7 (18%) had already undergone cataract surgery prior to radiotherapy, while 10 (30%) of 33 underwent cataract surgery at a median time of 52 months after radiotherapy (Fig. 1B) . The time to cataract surgery did not differ significantly between electron therapy and photon therapy (P=0.22).
The typical dosimetry for lymphoma involving the primary conjunctiva and the retrobulbar space are shown in Fig. 2A and B. The estimated dose differences to the GTV are shown in Fig. 3A . The mean dose and 95% received dose (D95) to the GTV were 2.0 and 1.9 Gy, respectively. The minimum dose for the GTV ranged from 0.9 to 2.0 Gy (median, 1.8 Gy). The D95 to the GTV was ≤1.8 Gy in 25% of the patients. The dose to the GTV compared with the dose to the other orbital sites is shown in Table II . The mean dose and D95 to the conjunctiva were statistically significantly lower compared with those administered to the GTV in conjunctival lymphoma (P<0.05). The mean dose and D95 to the retrobulbar space was statistically significantly lower compared with those to the GTV in cases of retrobulbar lymphoma (P<0.05). The mean dose and D95 to the retina were 2.0 Gy (range, 1.8-2.1 Gy) and 2.0 (range, 1.9-2.1 Gy), respectively. An estimated dose comparison between the anterior and posterior retrobulbar spaces is shown in Fig. 2C . The mean dose and D95 to the posterior retrobulbar space (1.9 and 1.8 Gy, respectively) were statistically significantly lower compared with those to the anterior retrobulbar space (2.0 and 1.9 Gy, respectively, P<0.001; Fig. 3B ). When restricted only to retrobulbar lymphoma, the mean dose (P<0.05) and D95 (P<0.001) to the posterior retrobulbar space were also statistically significantly lower compared with the anterior space.
Discussion
Radiotherapy for patients with marginal zone lymphoma of the ocular adnexa achieved good local control with acceptable toxicity (18) . Recently, a Japanese study reported that a median dose of 30 Gy in 15 fractions achieved excellent long-term local control for primary marginal zone lymphoma of the ocular adnexa (12) . The contralateral orbit is known as the predominant site of distant relapse, although rare (12, 16, 18) . These results indicated that achieving local control was important for patients with primary marginal zone lymphoma of the ocular adnexa and that an investigation of the optimal dose was required.
Currently, the recommended treatment for ocular adnexal lymphoma is to irradiate the entire bony orbit with a dose of 24-25 Gy in 1.5-2.0-Gy fractions, except for cases in which the disease is limited to the conjunctiva (19) . This dose is lower than previously published doses (7, 11, 13) . Two studies reported outcomes and a dose analysis for local control of marginal zone lymphoma of ocular adnexa. Fung et al reported that a Table II . GTV dose comparison for the primary site of involvement across various orbital sites. dose of ≥30 Gy was superior to a dose of <30 Gy in terms of local control for 53 patients with a median observation period of 82 months. Accordingly, they indicated that the optimal dose for ocular adnexal lymphoma was 30.6-32.4 Gy in 1.8 Gy per fraction (7). Bayraktar et al reported that 3/18 patients who received a dose of <30.6 Gy relapsed, while 3/58 patients who received a dose of 30.6 Gy relapsed during a median observation period of 5 years. As the former group had a significantly higher relapse rate, they recommended a dose of at least 30.6 Gy for ocular adnexal lymphoma (14) . In our study, all patients were irradiated at a dose of 30 Gy in 2.0 per fraction at the iso-center, and all patients attained local control. However, 25% of the patients were irradiated at 1.8 Gy or lower in the GTV, and doses to the posterior retrobulbar space were 10% lower compared with the anterior space. These results suggested that a dose of 27 Gy in 1.8 Gy per fraction provided favorable local control. Goda et al reported that a radiation dose of 25 Gy in 2.5 Gy per fraction achieved 97% local control after 7 years (13) . A dose of 25 Gy in 2.5 Gy per fraction was found to be equivalent to a dose of 27 Gy in 1.8 Gy per fraction, calculated by the linear quadrant model (20) .
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Several studies have been performed to evaluate low doses for marginal zone lymphoma of the ocular adnexa. Tran et al reported that 24 tumors receiving a dose of 24-25 Gy in 1.5-1.8 Gy per fraction were controlled during a median observation period of 41 months, except for 1 patient who had a local relapse due to a marginal miss (15) ; they estimated that the irradiated dose in the relapse area was 5-23 Gy.
Regarding low-dose radiotherapy of 4 Gy in 2 fractions, both follicular and marginal zone lymphoma have been studied. Fasola et al reported that 20 patients with a total of 27 sites of ocular adnexal lymphoma were treated with a radiation dose of 4 Gy in 2 fractions (21). The complete response rate was 85% during a median observation period of 26 months. Patient histology showed follicular lymphoma in 55% and marginal zone lymphoma in 40% of the patients. This response rate was lower compared with that observed in the present study, although the majority had follicular lymphoma. Hoskin et al reported a randomized non-inferiority study comparing a dose of 4 Gy in 2 fractions with 24 Gy in 12 fractions (22) . Of the 614 sites treated in 548 patients, 86% were follicular lymphomas and 14% were marginal zone lymphomas. A dose of 4 Gy in 2 fractions did not achieve non-inferiority, compared with a dose of 24 Gy in 12 fractions. Local progression was observed in two groups: One which was administered a dose of 24 Gy to 21 sites, and a second which was administered In Peffer et al, partial orbit treatment was compared with entire orbit treatment in 23 patients (23) . A total of 33% of patients who underwent partial orbit radiotherapy had a relapse in previously uninvolved areas not included in the initial target volume. By contrast, no patients who underwent entire orbit treatment experienced a relapse. Accordingly, it was asserted that irradiation encompassing the entire orbit was necessary and that 25 Gy was effective for local control. As it was difficult to identify the extension of lymphoma to the retrobulbar area, a CTV encompassing the entire orbit is considered to be appropriate.
Kaushik et al reported a risk of retinopathy in 67 patients who received a radiotherapy dose of 18.9-54.0 Gy (24) . Eight patients who were irradiated at a dose of 24-40 Gy developed retinopathy at a median of 27 months. The daily fractionated dose of ≥2.0 Gy was a significant risk factor for retinopathy, compared to a dose of 1.8 Gy. A total dose of 30 Gy or more was not a significant risk, compared to <30 Gy. As the retina was unavoidable in several cases, a daily dose of 1.8 Gy may be favorable in preventing the onset of retinopathy.
In the present study, no difference in outcome was observed between the conjunctiva and the retrobulbar space as the primary location site. Similarly, Harada et al also reported the absence of prognostic differences between the conjunctiva and other anatomical subsites (12) . The same dose was adequate among ocular adnexal anatomical subsites. Goda et al reported that the lacrimal gland and retrobulbar space were associated with high distant relapse rates compared with the conjunctiva (13) . The distant relapse rates in Asian studies (12, 16) , including ours, were relatively lower compared with those reported in Western studies (7, 13) . The relapse rates in lacrimal gland lymphoma in Western studies (7, 13) were higher compared with Asian studies (12, 16) , and our study may elucidate the reason for this difference. Attention must be focused on the possibility of a distant relapse in lacrimal gland lymphoma.
It was previously demonstrated that electron radiotherapy provides favorable local control (7, 11, 13) and reduces cataract formation (12) when the lymphoma is located only in the conjunctiva. The association between dose and cataract has been difficult to elucidate, as several patients had cataract due to advanced age. In the present study, the primary endpoint for cataract formation was set to the date of cataract surgery. Electron therapy was more likely to prolong the interval to cataract surgery compared with photon therapy, but the difference was not statistically significant.
The use of an antibiotic therapy targeting Chlamydia psittaci in marginal zone lymphoma of the ocular adnexa has been attempted. According to the majority of the studies, complete response was obtained in only 20% of the cases (25) . From the data, radiotherapy remains the standard treatment, and the addition of antibiotics during radiotherapy may reduce the necessary dose of radiotherapy.
Based on these findings, the optimal dose for the D95 to the GTV currently appears to be 27 Gy in 15 fractions when the lymphoma is located in the retrobulbar space. An entire orbit CTV is most effectively irradiated at a D95 of 25 Gy in 15 fractions. When the lymphoma is limited to the conjunctiva, the GTV is most effectively irradiated at the same dose using electron therapy with a contact lens, whereas irradiation of the retrobulbar space is omitted.
